All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Current knowledge indicates that splenic hematopoiesis contributes to variety of inflammatory and degenerative diseases \[[@pone.0125961.ref001]--[@pone.0125961.ref010]\]. Splenic hematopoiesis has been reported in several animal models of disease including cancer \[[@pone.0125961.ref011]\], atherosclerosis \[[@pone.0125961.ref012]--[@pone.0125961.ref014]\] and myocardial infarction \[[@pone.0125961.ref015]\]. These studies suggest that hematopoietic stem cells originating from the bone marrow accumulate in high numbers within the spleen of diseased animals and they become more skewed toward myelopoiesis at the expense of erythropoiesis and lymphopoiesis \[[@pone.0125961.ref011]\]. Whether cells produced in the spleen differ from those derived from the bone marrow remains unknown.

Atherosclerosis is an inflammatory disease induced by a lipid metabolic disturbance at sites of hemodynamic strain in the vasculature. The inflammatory response manifests itself as infiltration and activation of mononuclear cells, activation of humoral cascade systems, cytokine secretion, cell death, and induction of fibroproliferative repair processes \[[@pone.0125961.ref016],[@pone.0125961.ref017]\]. Innate immunity, which is represented by macrophages, is necessary for the initiation of atherosclerosis \[[@pone.0125961.ref018]\].

Macrophages are remarkably plastic and it is believed that they can change their functional phenotype depending on the environmental cues \[[@pone.0125961.ref019]\]. Similar to the T helper type 1 and T helper type 2 polarization, two distinct states of polarized activation for macrophages have been defined: the classically activated (M1) macrophage phenotype and the alternatively activated (M2) macrophage phenotype \[[@pone.0125961.ref020],[@pone.0125961.ref021]\]. In addition to external factors, macrophages respond to changes in their intracellular milieu, such as cholesterol loading by inducing highly specified adaptive mechanisms and reactions \[[@pone.0125961.ref022],[@pone.0125961.ref023]\]. Recent evidence suggests that origin of tissue macrophages play a role in the determination of macrophage phenotype \[[@pone.0125961.ref024]\], suggesting that macrophages may have an intrinsic gene expression program that is tissue dependent.

We determined the ability of spleen cells to seed bone marrow and to reconstitute myeloid system of lethally-irradiated mice. In addition, we compared the atherogenic and atheroprotective activities of spleen cells with bone marrow cells.

Materials and Methods {#sec002}
=====================

Mouse Strains {#sec003}
-------------

All wild type and mutant mice were in C57BL/6 background. The wild type, GFP, and apo E-/- mice were purchased from Jackson laboratories (Maine, USA). All animal protocols approved by the Institutional Animal Care and Use committee at Cedars-Sinai Medical Center. All mice used in this study were 7--9 weeks of age and they were monitored daily. For mouse euthanasia, when the mice reached the described time points we used an isoflurane overdose and subsequent cervical dislocation to ensure death. For the radiation controls, since the mice were not transplanted with bone marrow yet they receive a lethal dose of radiation, they should die approximately 2 weeks post-irradiation. These mice were observed daily for signs that they are moribund. When this became apparent, they are euthanized described.

In some experiments, the animals were fed a high fat diet (Harlan) as indicated starting at 4 weeks after spleen cell or bone marrow cell transplantation, with water taken ad libitum. The blood samples were collected at the indicated times, the plasma was separated from the red blood cells by low speed centrifugation (2000 rpm in a microcentrifgue for 20 mins) and the plasma cholesterol was quantified by a kit from Wako Chemicals (Virginia, USA) essentially as described by manufacturer. After the indicated times of being fed an atherogenic diet, terminal blood samples were collected by puncture of the right ventricle following euthanasia by an isoflurane overdose. Mice were perfused with PBS (20 ml.) via the left ventricle, while the perfusate drained from the punctured right atria. The heart and ascending aorta to the iliac bifurcation were removed for analysis.

Splenocyte Transplantation {#sec004}
--------------------------

For splenocyte transplantation, female recipient mice were lethally-irradiated followed by the infusion of adult splenocytes from donor male mice, essentially as previously described for bone marrow transplantation \[[@pone.0125961.ref025],[@pone.0125961.ref026]\]. Briefly, spleen cells were harvested from 4- to 5-week old donor male mice and injected into the tail vein of lethally-irradiated female recipient mice (5- to 7-weeks old, 1x10^7^ cells/mouse). For bone marrow transplantation, bone marrow was harvested from the femurs and tibias of male donor mice and injected into the tail vein of lethally-irradiated female recipient mice (1x10^7^ cells/mouse). To ensure that the endogenous myeloid cells are completely ablated, we determined the radiation dose that completely ablated myeloid system of the recipient mouse. All the irradiated mice (n = 5) that were not transplanted with any donor cells died within one week of irradiation. For comparison, bone marrow transplantation was performed utilizing bone marrow from the same donor mouse that was used for splenocyte transplantation.

The donor cells were derived either from GFP mice or apo E-/- mice, depending on the experiments. The recipient mice were wild type C57BL/6 mice or apo E-/- mice, depending on the experiments. The presence of GFP facilitates analysis of engrafted cells. As another measure of engraftment efficiency, we analyzed Y chromosome in the recipient mice using PCR primers specific for the Y chromosome (see [S1 Fig](#pone.0125961.s001){ref-type="supplementary-material"} for analysis).

All the recipient mice were found to be healthy, physically active, and had similar body weight. For atherosclerosis studies, the recipient mice were fed an atherogenic diet 4 weeks after transplantation. At 16 weeks post atherogenic diet, mice were sacrificed, and their lesion size and phenotype were determined.

Flow Cytometry {#sec005}
--------------

The freshly harvested cells were analyzed by flow cytometry essentially as described \[[@pone.0125961.ref027]\]. Briefly, red blood cells were removed following centrifugation by re-suspending the harvested cells in the 1X red blood cell lysis buffer for 5 min. The cells were centrifuged again, washed 3 X with PBS buffer, and the cell number was determined with Beckman-Coulter Z1 Automated Cell Counter. Cell viability was assessed using trypan blue exclusion and cell morphology was examined using light microscopy. For all experiments, cell suspensions were preincubated with anti-CD16/CD32 mAb (Biolegend) to block FcγRII/III receptors. Cell staining was performed in the dark for 30 min at 4°C in staining buffer. The reagents used for flow cytometry and the list of antibodies were shown in [S1 Table](#pone.0125961.s003){ref-type="supplementary-material"} and [S2 Table](#pone.0125961.s004){ref-type="supplementary-material"}, respectively. Cells were analyzed on Cedars-Sinai Flow Cytometry Core Facility instruments (Beckman-Coulter (Dako, CyAn). Data were analyzed with Summit software. The engrafted GFP^+^ cells were re-gated for the expression of CD11b/F4/80 (monocytes/macrophages), Siglec-F (eosinophils), and Ly6G (neutrophils). For more information about the flow cytometry reagents see [S1 Table](#pone.0125961.s003){ref-type="supplementary-material"} and [S2](#pone.0125961.s004){ref-type="supplementary-material"} Table.

Morphology and Histology {#sec006}
------------------------

The histochemical and immunostaining were performed essentially as described \[[@pone.0125961.ref028]--[@pone.0125961.ref030]\]. Briefly, mice were euthanized by an isoflurane overdose and perfused with phosphate-buffered saline (PBS) through the left ventricle. Aortas were dissected from aortic arch to iliac bifurcation and fixed in 4% paraformaldehyde (PFA)-PBS overnight. Frozen sections were prepared and stained with anti-MOMA-2 (macrophages) and smooth muscle -α-actin (smooth muscle cells) antibodies essentially as described \[[@pone.0125961.ref025],[@pone.0125961.ref030],[@pone.0125961.ref031]\]. Standard Trichrome staining was used for collagen. For quantification of the slides, we used the Image-Pro Plus software (Media Cybernetics, Inc., Bethesda, MD) under 400x magnification. Four high-power fields were used for each segment. Microscope lighting, focus, and field selection were optimized for distinction of cell/stain boundaries.

Atherosclerotic Lesion Analysis {#sec007}
-------------------------------

Four weeks after transplantation, the recipient mice were fed an atherogenic diet for 16 weeks, after which they were sacrificed, and their lesion size and phenotype were determined. The extent of the atherosclerotic lesions in the Oil red O-stained sections was quantified, as described previously \[[@pone.0125961.ref030],[@pone.0125961.ref032]\]. For aortic sinus analysis, tissue samples were snap frozen in liquid nitrogen and cut as 10 μm frozen sections. Cross-sectional lesion areas were quantified from aortic roots stained with Hematoxylin-Eosin. The percentage of the lesion area from intima was calculated from a tissue section of aortic sinus level, defined by the presence of three valve cusps. For aortic lesion analysis, regions of each aorta quantified were defined as follows: (1) thorax, from the arch to the intercostal artery branch; and (2) abdominal region, from the thorax to the branch of the iliac bifurcation. Aortas were opened longitudinally and attached to a black surface. Aortas were stained with Oil red O (Sigma-Aldrich) and photographed for en face evaluation. The lesion size for each aorta was measured by Image-Pro Plus (version 4, Media Cybernetics). Lesions were reported as percentage of the total aortic area consisting of thoracic aorta (ending at the final intercostal artery), and abdominal aorta (ending at the iliac bifurcation).

Macrophage Cell Culture {#sec008}
-----------------------

Bone marrow cells or splenocytes were cultured in the presence of L929-cell conditioned medium as a source of colony stimulating factor \[[@pone.0125961.ref033]\]. The cells were cultured in RPMI1640 supplemented with 20% fetal bovine serum (Gibco, cat. 12657--029), 30% L929 cultured media, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine. Cells were seeded in tissue culture treated dishes (BD Biosciences) and incubated at 37°C.

To culture spleen macrophages under the condition that is similar to those derived from bone marrow, we seeded 6X more spleen cells than bone marrow cells into culture dishes because the number of hematopoietic stem cells in the spleen was 6X lower than those in bone marrow. Despite this, the cultured bone marrow-derived macrophages became confluent at 5 days whereas spleen-derived macrophages required 12 days to reach the same degree of confluency.

qPCR Analysis {#sec009}
-------------

Total RNA extraction and mRNA expression analysis by real-time quantitative reverse-transcription polymerase chain reaction (qPCR) were performed as described previously \[[@pone.0125961.ref029],[@pone.0125961.ref030]\]. The mRNA expression levels of all genes were normalized to the reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer sequences are summarized below. For information about the primers see [S3 Table](#pone.0125961.s005){ref-type="supplementary-material"}.

Statistical Analysis {#sec010}
--------------------

Statistical analysis was performed with GraphPad Prism Software (version 6.0.4, GraphPad, La Jolla, California). All values are presented as mean±SEM. One-way analysis of variance followed by posthoc Bonferroni correction for multiple comparisons. A p value \<0.05 was considered statistically significant.

Results {#sec011}
=======

Splenocyte Transplantation {#sec012}
--------------------------

To explore the ability of splenocytes to repopulate bone marrow of myeloablated mice, we used GFP^+^ mice as donors because it facilitates the analysis of engrafted cells ([S1 Fig](#pone.0125961.s001){ref-type="supplementary-material"}). The phenotypes of donor splenocytes and bone marrow cells are shown in [S2 Fig](#pone.0125961.s002){ref-type="supplementary-material"}. After transplantation of donor splenocytes and bone marrow cells into recipient mice, the phenotypes of engrafted cells were determined by flow cytometry. The flow cytometry strategy is outlined in [Fig 1](#pone.0125961.g001){ref-type="fig"}. GFP^+^ splenocytes and bone marrow cells originating from the donor mice were found in the spleen and bone marrow of recipient mice. The level of engrafted GFP^+^ cells in the spleen of recipient mice was similar whether the donor cells were originated from spleen or bone marrow ([Fig 2](#pone.0125961.g002){ref-type="fig"}, left panel). Similarly, no significant difference in the level of engrafted GFP^+^ cells was detected in the bone marrow of recipients that were transplanted with either donor splenocytes or bone marrow cells ([Fig 2](#pone.0125961.g002){ref-type="fig"}, right panel). Despite this similarity in the level of engraftment of donor cells, the overall level of engrafted GFP^+^ cells in the recipient bone marrow was significantly higher than those in the recipient spleen ([Fig 2](#pone.0125961.g002){ref-type="fig"}).

![Flow cytometry gating strategy is shown that was used to analyze spleen and bone marrow from wild type recipient mice that were transplanted with donor cells from GFP^+^ mice.\
Cells were harvested as described in the Method section.](pone.0125961.g001){#pone.0125961.g001}

![Flow cytometric analysis of spleen cells and bone marrow from recipient mice that were transplanted with donor spleen or bone marrow cells.\
Each data point represents one mouse.](pone.0125961.g002){#pone.0125961.g002}

To determine the phenotype of engrafted GFP^+^ cells, the linage of the recipient cells were analyzed by flow cytometry. We found that the donor cells gave rise to macrophages ([Fig 3](#pone.0125961.g003){ref-type="fig"}); however, the levels of GFP^+^-macrophages present in either the recipient's bone marrow or their spleen is dependent on the origin of donor cells; i.e., the level of GFP^+^-macrophages in the recipient spleen is higher when the donor cells were originated from bone marrow than from spleen (p = 0.02). Conversely, the level of GFP^+^-macrophages in the recipient's bone marrow was significantly higher when the cells originated from spleen (p = 0.002). Thus, there are differences in the ability of splenocytes and bone marrow to differentiate into macrophages in the spleen and bone marrow of recipient mice.

![Analysis of engrafted GFP^+^ cells in the spleen and bone marrow of recipients that gave rise to macrophages.\
Each data point represents one mouse.](pone.0125961.g003){#pone.0125961.g003}

Analysis of GFP^+^ cells for differentiation toward an eosinophil linage revealed that the donor splenocytes and bone marrow cells gave rise to eosinophils in the spleen and bone marrow of recipient mice ([Fig 4](#pone.0125961.g004){ref-type="fig"}). However, the ability of donor splenocytes to differentiate into eosinophils is significantly lower than those of donor bone marrow cells in the spleen of recipient (p = 0.02). No such difference was detected in the bone marrow of recipient ([Fig 4](#pone.0125961.g004){ref-type="fig"}, right panel).

![Analysis of engrafted GFP^+^ cells in the spleen and bone marrow of recipients that gave rise to eosinophils.\
Each data point represents one mouse.](pone.0125961.g004){#pone.0125961.g004}

Similar results were obtained when splenocytes and bone marrow cells isolated from recipient mice were analyzed for the presence of GFP^+^/Ly6G^+^ neutrophils ([Fig 5](#pone.0125961.g005){ref-type="fig"}). In the spleen of recipient, the level of donor GFP^+^/Ly6G^+^ cells is significantly higher when the donor cells were originated from bone marrow than those that originated from splenocytes ([Fig 5](#pone.0125961.g005){ref-type="fig"}, left panel, p = 0.002). In the bone marrow of recipient, we did not detect such differences ([Fig 5](#pone.0125961.g005){ref-type="fig"}, right panel).

![Analysis of engrafted GFP^+^ cells in the spleen and bone marrow of recipients that gave rise to neutrophils.\
Each data point represents one mouse.](pone.0125961.g005){#pone.0125961.g005}

Next we asked whether these differences in the ability of splenocytes and bone marrow cells to differentiate into different myeloid cell linages are related to hematopoietic stem cells (LSK). To explore this, we analyzed the frequency of LSK cells in the spleen and bone marrow of the wild type mice. The lineage negative cells (GFP^-^/Lin^-^) were re-gated for the expression of c-Kit and Sca-1. No staining and isotype-specific staining were used to control for autofluorescence and non-specific staining, respectively ([Fig 6](#pone.0125961.g006){ref-type="fig"}). The analysis of these cells in the bone marrow of recipient mice showed that the level of LSK cells in the bone marrow of recipient mice is significantly higher than those in the spleen ([Fig 7](#pone.0125961.g007){ref-type="fig"}). Thus, while the level of hematopoietic stem cells is significantly lower in the donor spleen than in the donor bone marrow; this difference does not correlate with the level of macrophages that were originated from spleen as compared to bone marrow.

![Representative flow cytometry gating strategy of bone marrow cells.\
Analysis of hematopoietic stem cells in the spleen and bone marrow of wild type C57BL/6 mice. The single cell population from wild type C57BL/6 donor mice was gated for lineage negative (Lin^**-**^) and GFP^**+**^ cells. The Lin^**-**^/GFP^**+**^ cells were re-gated for the expression of c-Kit and Sca-1. The nonstained cells and isotype control antibodies were used as negative controls. Each data point represents one mouse.](pone.0125961.g006){#pone.0125961.g006}

![The quantitative analysis of hematopoietic stem cells (LSK) in the spleen and bone marrow of donor mice.\
Each data point represents one mouse.](pone.0125961.g007){#pone.0125961.g007}

Atherosclerosis Studies {#sec013}
-----------------------

To determine whether differences in the level of macrophages and neutrophils in the recipient bone marrow and spleen have a pathophysiological significance, we performed atherosclerosis studies. We chose this mouse model because both macrophages and neutrophils contribute to the pathogenesis of atherosclerosis \[[@pone.0125961.ref034],[@pone.0125961.ref035]\]. We performed two studies: first, the effect of splenocyte transplantation on the progression of atherosclerosis was investigated; in the second study, the ability of splenocytes to rescue an atherogenic phenotype of apo E-/- mice was examined. For the progression study, female recipient mice were lethally-irradiated followed by the infusion of adult splenocytes from donor male apo E-/- mice, essentially as previously described for bone marrow transplantation \[[@pone.0125961.ref025],[@pone.0125961.ref026]\]. For the rescue study, donor cells harvested from GFP^+^ male mice were transplanted into female apo E-/- recipient mice. It is important to note that we did not use any helper bone marrow cells for transplantation of splenocytes; thus, the splenocytes-mediated reconstitution is entirely dependent on the donor adult spleen cells.

In the progression studies ([Fig 8](#pone.0125961.g008){ref-type="fig"}, left panels), we found significant lesions in the aortic sinuses of apo E-/- recipient groups that were transplanted with either splenocytes ([Fig 8](#pone.0125961.g008){ref-type="fig"}, top left panel) or their bone marrow cells (lower left panel). The lesions were complex, featuring a lipid core and cholesterol clefts. Some lesions were calcified. In the rescue experiments ([Fig 8](#pone.0125961.g008){ref-type="fig"}, right panels), transplantation of either splenocytes (top right panel) or bone marrow cells (lower right panel) from GFP^+^ donor mice markedly reduced the size of lesions.

![Aortic sinus lesions lipid staining in the apo E-/- recipient mice transplanted with donor cells.\
Apo E-/- mice (n = 10/group) were transplanted with splenocytes (left upper panel) or bone marrow cells (left lower panel) from apo E-/- donor mice. The right panels show aortic sinus lesions in the apo E-/- recipient mice transplanted with splenocytes (right upper panel) or bone marrow cells (right lower panel) from GFP^**+**^ donor mice.](pone.0125961.g008){#pone.0125961.g008}

Quantification of the lesions showed that transplantation of splenocytes from GFP donor mice into apo E-/- recipients markedly reduced lesion size when compared with the control apo E-/- donor mice, 0.99±0.02 mm2 vs. 0.2±0.01 mm2, respectively ([Fig 9](#pone.0125961.g009){ref-type="fig"}). Similarly, the transplantation of bone marrow cells from GFP^+^ donors into apo E-/- recipients reduced the lesion size when compared with the control, 1.0±0.03 mm vs. 0.24±0.04 mm2 vs. respectively ([Fig 9](#pone.0125961.g009){ref-type="fig"}). No significant differences in the level of lesions were found in either study, suggesting that splenocytes display similar activity as those of bone marrow cells.

![Quantitative analysis of lesion area in each recipient group shown in [Fig 8](#pone.0125961.g008){ref-type="fig"}.](pone.0125961.g009){#pone.0125961.g009}

Effect of Splenocyte Transplantation on Serum Cholesterol {#sec014}
---------------------------------------------------------

A previous report demonstrated that enhanced atherosclerosis in splenectomized rabbits was related to hyperlipidemia \[[@pone.0125961.ref036]\]. In addition, transplantation of bone marrow from wild type into apo E-/- mice has been shown to reduce hypercholesterolemia \[[@pone.0125961.ref037]--[@pone.0125961.ref040]\]. Therefore, we asked whether transplantation of splenocytes affects hyperlipidemia in the recipient mice. To explore this, we measured the serum cholesterol level in the recipient mouse groups before and after high fat diet feeding. Before the atherogenic diet feeding, the serum cholesterol level in the GFP^+^ donor mice was 78.0 ± 2.3 mg/ dl ([Fig 10](#pone.0125961.g010){ref-type="fig"}). The serum cholesterol level in the apo E-/- recipient cohorts that were transplanted with either splenocytes or bone marrow from apo E-/- donor mice was 367.9 ± 29.8 mg/dl and 421.8 ± 26.7 mg/dl, respectively ([Fig 10](#pone.0125961.g010){ref-type="fig"}). Transplantation of splenocytes or bone marrow cells from GFP^+^ donor mice into apo E-/- recipient mice significantly reduced serum cholesterol levels to 87.3 ± 5.8 mg/dl and 92.7 ± 3.6 mg/dl, respectively ([Fig 10](#pone.0125961.g010){ref-type="fig"}). Thus, we found no significant difference in the serum cholesterol levels between the two recipient groups.

![Shows the serum cholesterol levels of GFP^+^ donor mice and the recipient groups [before]{.ul} high fat diet consumption.\
Each data point represents one mouse.](pone.0125961.g010){#pone.0125961.g010}

After feeding an atherogenic diet for 16 weeks, the serum cholesterol levels in the GFP^+^ mice remained unchanged ([Fig 11](#pone.0125961.g011){ref-type="fig"}). However, in the apo E-/- donor/recipient groups, the serum cholesterol levels increased to 1424 ± 65.5 mg/dl and 1304 ± 72.5 mg/dl in the recipient of splenocytes and bone marrow, respectively. Transplantation of cells from GFP donor mice into apo E-/- recipient reduced serum cholesterol to 254.2 ± 40.7 mg/dl and 221.2 ± 29.0 mg/dl in the recipient of splenocytes and bone marrow, respectively. No statistically significant difference in the serum cholesterol level was found between the two GFP^+^ recipient groups.

![Shows the serum cholesterol levels of GFP^+^ donor mice and the recipient groups [after]{.ul} high fat diet consumption.\
Each data point represents one mouse.](pone.0125961.g011){#pone.0125961.g011}

Effect of Splenocyte Transplantation on the Phenotype of Plaques {#sec015}
----------------------------------------------------------------

To determine the effect of transplantation on the phenotype of lesions, we analyzed the lesions in the two groups of recipient mice for macrophages ([Fig 12](#pone.0125961.g012){ref-type="fig"}), smooth muscle cells ([Fig 13](#pone.0125961.g013){ref-type="fig"}) and collagen content ([Fig 14](#pone.0125961.g014){ref-type="fig"}). In the apo E-/- donor/recipient groups ([Fig 12](#pone.0125961.g012){ref-type="fig"}, left panels) macrophage were found to be primarily accumulated around the lipid core of aortic sinus lesions of recipient mice that were transplanted with either splenocytes (top left panel) or bone marrow cells ((lower left panel). The fibrous cap also contained significant numbers of macrophages. Transplantation of cells from GFP donor mice significantly reduced the level of macrophages in either donor splenocyte (top right panel) or donor bone marrow (lower right panel). Analysis of lesions for smooth muscle cell content in the apo E-/- donor/recipient mice cohort showed that the staining was largely concentrated in the fibrous cap region with no obvious differences between the recipients of either splenocytes or bone marrow cells ([Fig 13](#pone.0125961.g013){ref-type="fig"}, left panels). Transplantation of donor cells from GFP^+^ mice reduced lesions in the apo E-/- recipient mice and the smooth muscle cell staining were found primarily in the media (right panels). The collagen staining of the lesions showed that the fibrous cap of the lesions in both recipient groups transplanted with splenocytes or bone marrow cells from apo E-/- mice have significant lesions and the positive staining is primarily concentrated in the fibrous cap areas ([Fig 14](#pone.0125961.g014){ref-type="fig"}, left panels). In the recipient groups that were transplanted with either splenocytes or bone marrow cells from GFP^+^ mice showed small lesions and collagen was largely concentrated in the media (right panels).

![The aortic lesions in the recipient groups were stained for macrophages.\
The aortic sinus lesions in the apo E-/- donor/recipient groups (left panels) and GFP^**+**^ donor/apo E-/- recipient groups (right panels) are shown.](pone.0125961.g012){#pone.0125961.g012}

![The same panel of sections as in [Fig 12](#pone.0125961.g012){ref-type="fig"} were stained for α-actin (smooth muscle).](pone.0125961.g013){#pone.0125961.g013}

![The same panel of sections as in [Fig 12](#pone.0125961.g012){ref-type="fig"} were stained for collagen.](pone.0125961.g014){#pone.0125961.g014}

Quantitative analysis of lesions for macrophages ([Fig 15](#pone.0125961.g015){ref-type="fig"}), smooth muscle cells ([Fig 16](#pone.0125961.g016){ref-type="fig"}) and collagen content ([Fig 17](#pone.0125961.g017){ref-type="fig"}) in the recipient mice revealed no significant difference between the donor splenocytes and donor bone marrow cells. Thus, while there are differences in the ability of the two sources of donor cells to differentiate into myeloid cells in the bone marrow and spleen of the recipient mice, their atherogenic and atheroprotective activities were similar.

![The quantification of lesion area for macrophage abundance as calculated using Moma-positive staining.\
See [Method](#sec002){ref-type="sec"} section for details.](pone.0125961.g015){#pone.0125961.g015}

![The quantification of lesion area for smooth muscle cells as determined by a positive staining with alpha actin.\
Please refer to method section for more details.](pone.0125961.g016){#pone.0125961.g016}

![The quantification of lesion area for collagen contents was performed as described in the Method section.](pone.0125961.g017){#pone.0125961.g017}

Fate of Transplanted Splenocytes {#sec016}
--------------------------------

Past studies have shown that apo E controls hematopoietic stem cells proliferation, monocytosis, neutrophilia, and monocyte accumulation in atherosclerotic lesions \[[@pone.0125961.ref012]\]. To determine the impact of apo E deletion on the lineage commitment of transplanted splenocytes, we analyzed the lineages of engrafted GFP^+^ donor cells in the bone marrow and spleen of lethally-irradiated apo E-/- recipient mice. The splenocytes and bone marrow cells were isolated from apo E-/- recipient mice and analyzed for the expression of GFP followed by re-gaining of positive cells for macrophages, eosinophils, and neutrophils, essentially as described in [Fig 1](#pone.0125961.g001){ref-type="fig"}. The donor GFP^+^ cells were successfully engrafted into apo E-/- recipient mice and the level of engraftment into spleen and bone marrow of recipient mice were similar irrespective of donor cell origin ([Fig 18](#pone.0125961.g018){ref-type="fig"}). The donor cells gave rise to macrophages ([Fig 19](#pone.0125961.g019){ref-type="fig"}) and neutrophils ([Fig 20](#pone.0125961.g020){ref-type="fig"}) in the bone marrow and spleen of recipient mice and their levels were independent of the sources of donor cells. While the donor cells also gave rise into eosinophils ([Fig 21](#pone.0125961.g021){ref-type="fig"}); their level was higher when the cells originated from splenocytes rather than from bone marrow (p = 0.02).

![Flow cytometry shows analysis of GFP^+^ cells in the recipient apo E-/- mice that were transplanted with donor cells from GFP^+^ mice.\
Splenoctye and bone marrow cell populations were examined. Apo E-/- recipient mice were transplanted with spleen cells or bone marrow cells from GFP^**+**^ donor mice followed by feeding the mice an atherogenic diet for 16 weeks. The mice were euthanized; their spleen cells and bone marrow cells were harvested and analyzed by flow cytometry. The gating strategy to analyze the cell linages was similar to [Fig 1](#pone.0125961.g001){ref-type="fig"}. Each data point represents one mouse.](pone.0125961.g018){#pone.0125961.g018}

![Shows the linage analysis of GFP^+^ cells in the spleen and bone marrow of recipient mice for their ability to differentiate into monocytes/macrophages.](pone.0125961.g019){#pone.0125961.g019}

![Shows the linage analysis of GFP^+^ cells in the spleen and bone marrow of recipient mice for their ability to differentiate into neutrophils.](pone.0125961.g020){#pone.0125961.g020}

![Shows the linage analysis of GFP^+^ cells in the spleen and bone marrow of recipient mice for their ability to differentiate into eosinophils.](pone.0125961.g021){#pone.0125961.g021}

Next, we analyzed the content of LSK cells in the apo E-/- recipient mice that were transplanted with either splenocytes or bone marrow cells before ([Fig 22](#pone.0125961.g022){ref-type="fig"}) and after ([Fig 23](#pone.0125961.g023){ref-type="fig"}) atherogenic diet feeding. The level of GFP^+^/LSK cells in the bone marrow of recipient mice was similar between the two donor groups before feeding. However, analysis of recipient spleen revealed that the level of GFP^+^/LSK is significantly higher when the bone marrow cells were used as the donor source as compared with splenocytes. Overall, the levels of donor LSK cells in the spleen of apo E-/- recipient mice was significantly lower than those in the bone marrow.

![Bone marrow and spleen cells were harvested from apo E-/- mice before feeding the mice an atherogenic diet for 16 weeks.\
The harvested cells were analyzed for the level of hematopoietic stem (LSK) cells. See [Method](#sec002){ref-type="sec"}/[Results](#sec011){ref-type="sec"} sections. Each data point represents one mouse.](pone.0125961.g022){#pone.0125961.g022}

![Bone marrow and spleen cells were harvested from apo E-/- mice after feeding the mice an atherogenic diet for 16 weeks.\
The harvested cells were analyzed for the level of hematopoietic stem (LSK) cells. See [Method](#sec002){ref-type="sec"}/[Results](#sec011){ref-type="sec"} sections. Each data point represents one mouse.](pone.0125961.g023){#pone.0125961.g023}

Similar level of LSK cells were detected in the recipient bone marrow and spleen after atherogenic diet feeding with one exception: the overall level of LSK cells in both spleen and bone marrow of recipient mice were reduced in response to atherogenic diet feeding when compared to normal diet ([Fig 23](#pone.0125961.g023){ref-type="fig"}). Thus, while there are significant differences in the frequency of LSK cells in the spleen and bone marrow of recipient apo E-/- mice, these differences do not correlate with the level of differentiated myeloid cells in the spleen and bone marrow of recipient mice.

Phenotype of Cultured Macrophages {#sec017}
---------------------------------

Macrophage phenotypes are thought to be regulated by their environment. Based on their ability to respond to Th1 vs Th2 cytokines, macrophages are classified as proinflammatory M1 or anti-inflammatory M2 subsets \[[@pone.0125961.ref019],[@pone.0125961.ref041]\]. The IL-4/STAT6 axis has been recognized as a hallmark of M2 macrophage polarization whereas LPS/IFNγ/STAT1 signaling is responsible for M1 macrophage phenotype \[[@pone.0125961.ref042]\]. However, recent evidence suggests that some macrophage subsets may be "high wired" and intrinsic gene expression program also contribute to their diversity \[[@pone.0125961.ref043]\]. Understanding the contribution of extrinsic vs. intrinsic factors in the regulation of macrophage phenotype has important in vivo significance as dysregulation of macrophage function could lead to chronic inflammation and/or excessive fibrosis \[[@pone.0125961.ref044]\].

To better understand the phenotype of macrophages in the spleen and bone marrow, we cultured spleen- and bone marrow-derived macrophages, treated them with LPS or IL-4, and the expression of M1/M2 markers were determined by qPCR. Analysis of M2 markers showed that the level of STAT6 in the untreated and IL-4-treated bone marrow-derived macrophages was markedly higher than that seen in spleen-derived macrophages ([Fig 24](#pone.0125961.g024){ref-type="fig"}). In contrast, the level of PPARγ in the two cell sources whether cells were untreated or treated with IL-4 were almost similar. The expression level of KLF2 was lower in the spleen-derived macrophages compared to bone marrow-derived macrophages under basal condition; however, the former cells were more responsive to IL-4 treatment than latter cells ([Fig 24](#pone.0125961.g024){ref-type="fig"}). The expression level of KLF4 was low in both cultured cells under basal conditions; however, bone marrow cells expressed markedly more KLF4 than spleen-derived macrophages in response to IL-4 treatment ([Fig 24](#pone.0125961.g024){ref-type="fig"}). The expression level of Arg-1 was low under basal conditions in the two cell types and its expression level was markedly induced in both cells to the same extent ([Fig 25](#pone.0125961.g025){ref-type="fig"}). In contrast, YM1 expression level was more than 60% higher in the bone marrow-derived macrophages than in spleen cells after treatment with IL-4 ([Fig 25](#pone.0125961.g025){ref-type="fig"}). With respect to M1 cell markers, the spleen-derived macrophages were more responsive than bone marrow cells in their expression of STAT1 in response to LPS ([Fig 25](#pone.0125961.g025){ref-type="fig"}). The expression level of MCP1 was markedly higher in the spleen derived macrophages than in bone marrow cells under basal conditions, and the expression of this gene was markedly induced after LPS treatment ([Fig 26](#pone.0125961.g026){ref-type="fig"}). The expression level of iNOS was low, in both cell types under basal conditions, and its expression level was markedly induced in both cell types ([Fig 26](#pone.0125961.g026){ref-type="fig"}). In the untreated cells, the expression level of TNFα was similar in both cultured cells; however, spleen derived-macrophages expressed a higher level of TNFα than bone marrow macrophages in response to LPS treatment ([Fig 26](#pone.0125961.g026){ref-type="fig"}). In contrast, bone marrow-derived macrophages expressed markedly more COX2 in response to LPS when compared with spleen-derived macrophages ([Fig 26](#pone.0125961.g026){ref-type="fig"}). While freshly isolated splenocytes expressed Hox11 transcription factor, the cultured cells did not (data not shown), suggesting that the expression of Hox11 is an active process that can be induced by a spleen niche. Taken together, these data suggest that the spleen-derived macrophages have a stable phenotype that is different from those derived from bone marrow.

![Shows the phenotypic analysis of cultured spleen- and bone marrow-derived macrophages.\
Splenocytes and bone marrow cells were isolated from GFP^**+**^ mice. The cells were seed into culture dishes with splenocytes seeding density 6 times higher than bone marrow cells. The cells were cultured in RPMI/10%serum containing M-CSF. After reaching confluencey, cells were placed for 24 hrs. in the media free of serum or M-CSF. The cells were treated with indicated reagents followed by RNA extraction and analysis. This figure shows the expression of transcription factors known to affect macrophage polarization in the two macrophage sources.](pone.0125961.g024){#pone.0125961.g024}

![Shows the expression of M2 markers by bone marrow-derived macrophages and spleen-derived macrophages.](pone.0125961.g025){#pone.0125961.g025}

![Shows the expression of M1 markers by bone marrow-derived macrophages and spleen-derived macrophages.](pone.0125961.g026){#pone.0125961.g026}

Discussion {#sec018}
==========

In mammals and rodents, following birth, hematopoiesis occurs outside the medullary spaces of the bone marrow in a process called extramedullary hematopoiesis \[[@pone.0125961.ref045]\]. The liver and spleen are the main sites of extramedullary hematopoiesis; specifically, during inflammation, extramedullary hematopoiesis generates sufficient numbers of mature myeloid cells \[[@pone.0125961.ref046]\]. However, it is unclear whether this seeding process is a bidirectional event where splenocytes contribute to the hematopoiesis in bone marrow or if it is a "one-way street". To gain a better understanding, we asked whether splenocytes per se are capable of reconstituting bone marrow following the myeloablation. Using GFP^+^ donor mice, we observed that donor splenocytes reconstituted bone marrow of lethally-irradiated recipients and the reconstituted mice look healthy and visibly indistinguishable from recipient mice that were transplanted with bone marrow cells. The level of engraftment of donor splenocytes into the bone marrow and spleen of recipient mice was similar to those of donor bone marrow cells.

Although the transplanted spleen cells gave rise to different lineages of myeloid cells in the recipient mice, the level of monocytes/macrophages, eosinophils, and neutrophils in the bone marrow and spleen of recipient was found to be dependent on the tissue origin of donor cells. For example, the frequency of macrophages in the spleens of recipient mice was significantly higher when the donor cells were originated from bone marrow than from spleen. Conversely, significantly more macrophages were found in the bone marrow of recipient mice when the cells are originated from spleen rather than being bone marrow-derived. This indicates that these differences cannot be explained by the level of hematopoietic stem cells in the donor cells. Similarly, the differences do not seem to be related to the irradiation of recipient mice because we used whole body irradiation which uniformly affects both the bone marrow and spleen of recipient mice. These results suggest that the ability of donor cells to differentiate into myeloid lineages is in part determined by the origin of donor cells and it is independent of the level of stem cells. In line with these observations, we noted that the macrophages isolated from bone marrow exhibit a phenotype that is distinct from those derived from the spleen. These phenotypic differences seem to be stable attribute of cells because they retained their distinct responses to the M1 or M2 agonists when the cells are cultured.

We transplanted an equal number of donor splenocytes and bone marrow cells into the recipient mouse; therefore, the recipients of splenocytes received six times fewer hematopoietic stem cells than the recipients of bone marrow cells. Yet, the recipient of splenocytes were as active as recipient of bone marrow and we could not distinguish any physical differences between the two recipient groups. In line with this observation, we did not detect any differences in the atherogenic or atheroprotective activities between the splenocyte and bone marrow cell recipients. Since the end point in the atherosclerosis studies is identical between the two recipient groups and the level of regenerated myeloid cells in the two recipient groups are similar, it is possible that the stem cells derived from spleen may have activity distinct from those from bone marrow. Past studies have shown that the splenic stem cells express Hox11, a well-known embryonic protein \[[@pone.0125961.ref047],[@pone.0125961.ref048]\]. Hox11 is a highly conserved homeobox gene that is not found in adult bone marrow, kidney, liver, and salivary gland \[[@pone.0125961.ref004],[@pone.0125961.ref010]\]. While during fetal development Hox11 plays a role in the development of these tissues, it is expressed exclusively in adult spleen \[[@pone.0125961.ref047],[@pone.0125961.ref048]\]. This reservoir of stem cells is also found in the spleen of adult human \[[@pone.0125961.ref049]\]. Deletion of Hox11 in mice results in asplenia \[[@pone.0125961.ref047]\]. The expression of Hox11 in adult splenic cells suggest that these cells are endowed with the ability to descend back to embryonic life in a manner that is different from other adult cells that do not express Hox11 such as bone marrow cells.

While the level of regenerated myeloid cells in the bone marrow and spleen of recipient wild type mice was found to be dependent on the tissue origin of donor cells, this was not the case in apo E-/- recipient mice. We found no significant differences in the level of regenerated myeloid cells in the spleen and bone marrow of apo E-/- recipient mice fed on an atherogenic diet for 16 weeks. Atherosclerosis studies showed that the level of engraftment of donor splenocytes into bone marrow and spleen of apo E-/- recipient mice was similar to the bone marrow donor cells. In addition, the donor splenocytes and bone marrow exhibited a similar atherogenic activity and an atheroprotective effect as determined by the level of lesions between the two recipient groups, the phenotype of the plaques (number of macrophages, smooth muscle cells, and lesion collagen content) as well as the level of cholesterol which is similar between the two donor cell sources. Apo E was found to control proliferation of hematopoietic stem cell, myeloid cell expansion, and monocytosis by interacting with ABCA1/ABCG1 in hematopoietic stem cell, promoting cholesterol efflux and decreasing the cell surface expression and downstream signaling of the IL-3 receptor \[[@pone.0125961.ref012]\]. In the transplantation studies, we found no differences in the ability of splenocytes and bone marrow cells to promote and to prevent atherosclerosis despite significantly lower level of hematopoietic stem cells in the spleen than in the bone marrow. This may suggest the hematopoietic stem cells originating from the spleen display a higher level of activity than those derived from the bone marrow.

In the present study, we transplanted bone marrow cells or splenocytes harvested from male mice into lethally-irradiated female mice. This sex-mismatch transplantation allowed us to evaluate cell engraftment by monitoring Y chromosome in the recipient tissues. Past studies have shown that transfer of male cells into female recipients can induce an immune reaction against the Male-Specific Minor Histocompatibility Antigen \[[@pone.0125961.ref050],[@pone.0125961.ref051]\]. It has been shown that male cells are rejected 10--12 days after transfer into female recipients (\[[@pone.0125961.ref052]\]. Therefore, it is possible that the activation of a host-versus-graft rejection immune response may induce an inflammatory response that influences atherogenesis. This, however, is unlikely to alter our conclusion about the effect of transplanted splenocytes in atherosclerosis because we compared atherosclerosis progression/prevention in the splenocytes recipients with those of bone marrow recipients. If the recipients responded to the donor H-Y male antigen, the response would be similar between the two cohorts. In addition, we used lethally-irradiated female mice as recipients, a condition that is fundamentally different from those reported in the literature cited above where the female recipients were normal (i.e. they had not been irradiated). Therefore, we feel that the impact of such sex mismatch transplantation on atherosclerosis is most likely minimal, if any, and it would not affect our conclusion.

In summary, we compared the ability of splenocytes and bone marrow to reconstitute myeloid system of myeloablated mouse. We noted that while the level of engraftment of donor splenocytes into the recipient tissues was similar to donor bone marrow cells, the ability of the spleen-derived cells to differentiate into myeloid cell lineages was different than bone marrow cells. Importantly, we noted that while the level of hematopoietic stem cells in donor spleen cells was markedly lower than the donor bone marrow, the spleen cells displayed similar atherogenic and athero-protective activities as those of bone marrow cells. Cell culture studies showed that phenotype of macrophages derived from spleen is distinct from those of bone marrow. These results suggest that spleen-derived stem cells may be more potent than bone marrow-derived stem cells to reconstitute hematopoietic system of lethally-irradiated mouse.

Supporting Information {#sec019}
======================

###### Engraftment of donor cells from male apo E donor mice into female apo E recipient mice as assessed by Y chromosome PCR.

DNA was extracted from the indicated recipient mouse tissues, amplified by PCR followed by analysis of PCR products by 1.5% agarose gel. The upper bands (395 bp) correspond to the amplified Y chromosome segment and the lower bands (401 bp) is the internal control (β globin). The male (M) and female (F) brain cDNAs were used as positive and negative controls for Y chromosome. Distilled water was used for PCR control.
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Click here for additional data file.

###### Phenotype of donor cells in the spleen and bone marrow of male mice.

Splenocytes and bone marrow were isolated from male donor mice and stained with the indicated antibodies for flow cytometry analysis. Panel A shows the flow cytometry strategy. Panels B, C, and D show analysis of harvested cells for the level of macrophages, eosinophils, and neutrophils, respectively. These data show that the level of macrophages, eosinophils and neutrophils are significantly higher in the bone marrow than in the spleen of C57BL/6 donor mouse.
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Click here for additional data file.

###### Reagent used in flow cytometry.
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Click here for additional data file.

###### Antibody information.
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Click here for additional data file.

###### PCR primers.
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Click here for additional data file.

The authors gratefully acknowledge the support of the Heart Foundation, The Eisner Foundation, the Spielberg Foundation, Corday Foundation and the Skirball Foundation. The evolution of this approach was initially supported by program project grant from NHLBI grant R01 HL104068. We are grateful to Patricia Lin for her expertise in flow cytometry.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: BGS PKS. Performed the experiments: LW MY AA LS FL FT MQ AY IW. Analyzed the data: BGS PKS. Wrote the paper: BGS IW PKS.
